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1 INTRODUCTION 

 

With the growing concern from the threats of nuclear radiations around the globe and water 

sources especially ground water that are susceptible to these radiations, it leaves people’s 

lives to be under vulnerable condition since an individual’s exposure to radiation is likely to 

bring a number of effects like cancer, life shortening, genetic effects and many more. So with 

all these health problems and life threatening concerns, water monitoring for possible 

radiation is of high value for the public health. 

To combat on the awareness and presence of radiation a number of methods are available for 

the measurement of radiation. But the most powerful of all is the quantitative gamma ray 

spectroscopy especially when a high purity germanium detector is used.  But because of the 

sensitivity of the issue measurement of radiation require the development and validation of 

accurate and precise analysis procedures. 

Reliability, comparability and fit for purpose of a measurement procedure that produces 

results are of essential requirements for any decision making based on the analytical 

measurements results and this is what validation is intended for. 

 

Since radium is among the most dangerous nuclides an emphasis is put on the development 

of an analysis procedure for its quantitative measurement. 

The main objective of this work is to validate an analytical procedure for the measurement of 

radium content in water using gamma ray spectroscopy so it can be accredited and used for 

research and for routine work in the laboratory. 

This report has seven chapters. Chapter 1 is introduction. Chapter 2 the literature review that 

gives an insight on the radium metal, the procedure of its measurement, about the gamma 

spectroscopy and validation. Chapter 3 describes the analysis procedure where it gives the 

steps of the procedure. Chapter 4 gives the insight of how the measurement was carried for 

the different samples in accordance with the validation parameters. It also talks about the 

results and gives a discussion for the different validation parameter calculations. Chapter 5 

gives the conclusion on what was found and the recommendation. Chapter 6 summaries the 

whole works. Chapter 7 is for all the references that were used. 
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2 LITERATURE REVIEW 

2.1 RADIUM  

Radium is one of the alkaline earth metals. When freshly prepared or cut it is a brilliant 

silvery-white metal that turns black due to oxidation on immediate exposure to air supposedly 

because of the formation of a nitride [12] & [13]. 

It has an atomic number 88 and occurs naturally predominantly with an atomic weight of 226. 

Radium belongs to group IIA in the periodic table with a density of about one-half of lead’s 

[5]. 

Radium was first discovered in 1898 by French/Polish physicists and Nobel laureate Marie 

and Pierre Curie [6]. Radium metal was prepared by Marie Curie and Debierne by 

electrolysis of a radium chloride solution using a mercury cathode and a platinum-iridium 

anode. The resulting amalgam was thermally decomposed in a hydrogen atmosphere leaving 

a residue of pure radium metal [13]. 

 

Radium has 25 known isotopes; the most common ones are radium-226, radium-224 and 

radium-228. Radium-226 and radium-228 are of more importance on the radiological 

protection viewpoint since they possess long half-lives and high dose conservation factors 

[5]. 

Naturally occurring isotopes of radium originate from the radioactive decay of uranium or 

thorium. That is, radium-266 is a member of uranium-238 decay series, radium-228 and -224 

are in thorium-232 decay series and also radium-223 in actinium series. For uranium-238 and 

thorium-232 natural decay series refer to appendix I and II. 

 

Radium occurs naturally in very low concentrations (about 1 part of radium per 3 million 

parts of uranium) in the earth’s crust and its high reactivity with water make it able to stay in 

water [5] & [13]. 

Radium is present in uranium and thorium minerals. It is abundantly found in Bohemia, 

Carnotite sand of Colorado, Democratic Republic of Congo and the Great Lake Region of 

Canada and many more places where mining and milling process activities are carried out 

[5]. 
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In fact natural uranium is not significantly radioactive, instead the pitchblende, a uranium ore, 

is 13 times more radioactive because of the radium [9]. 

Due to similar properties with elements from group II (i.e. calcium), radium can easily 

incorporate into bones. Radium produces short living radionuclides of high specific activity. 

So its consumption adds significantly to radiological dose. [2] 

2.2 METHODS FOR RADIUM MEASUREMENT 

A number of methods and procedures have been employed in the measurement of radium 

concentration in water and some of them are described as below. 

2.2.1  Chemical separation of radium followed by measurement in a gelling scintillator  

This is a measurement done by liquid scintillation counting (LSC) after the chemical 

separation of RaSO4 with barium carrier. 

In this preparation, fine white crystals of barium sulphate precipitate are mixed with a gelling 

scintillator followed by α and β activity measurement of the mixture using a LS spectrometer 

in two channels of different energy ranges [1]. 

Here 
228

Ra is measured directly in the low energy channels of the β-spectrum according to its 

β-particles. Meanwhile 
226

Ra is measured by counting α-particles emitted by 
226

Ra and its 

daughter products in the high energy channel. 

This method requires a correction of an effect due to β-spectrum since these spectra are non-

discrete. The β-particles emitted by 
226

Ra daughters will also contribute to the β-spectrum in 

the same energy range.  

On top of measuring 
226

Ra and 
228

Ra, 
224

Ra (α-emitter) can also be measured as long as its 

measurement is done immediately after sampling because 
224

Ra has a short half-life of 3.7 

days [1]. 

Other facts about this procedure: 

• Volume used is from tens of milliliters to one litre. 

• Chemical preparation can take 2-3 days for one sample series of 15 samples. 

• A period of one month should be waited before measurement is carried out to allow a 

secular equilibrium between 
226

Ra and its short lived daughter products to be 

achieved. 
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All these make the procedure to be both time and labor consuming. 

2.2.2  Cherenkov effect counting 

Cherenkov effect is described as follows: “when a charged particle is emitted in a radioactive 

decay with a velocity greater than speed of light in the medium (c/n, where c – speed of light 

in vacuum and n – refractive index of the medium), an electromagnetic wave of photons is 

generated in the blue light range, analogous to the sonic boom of a jet flying faster than the 

speed of sound’’.[15] 

Measurement by this effect is only applicable to radionuclides that emit β-particles with 

energy greater than 264 keV like 
90

Sr, 
226

Ra daughters (
214

Pb and 
214

Bi). It is not possible to 

measure 
228

Ra directly by Cherenkov counting since it emits β-particles of 55 keV which is 

too low for its detection. But the presence of its daughter 
228

Ac which is a beta emitter that 

has sufficient energy (2127 keV) makes its measurement possible [1] & [16]. 

Only Teflon and plastic vials can be used because the rays emitted are in the ultra-violate 

range. Teflon and plastic are transparent to ultra-violate light. 

The procedure has the following advantages: 

• It is simple 

• Non-labor intensive 

• No scintillation is necessary for analysis 

Disadvantages are: 

• 40
K affects the measurements (if water is highly mineralized), since 

40
K is a β emitter 

which greatly interferes with the spectrum. 

• The different calibration factors for 
226

Ra and 
228

Ra that are involved since calibration 

involves the daughter products. 

• A leakage of gaseous 
222

Rn is likely to occur when plastic vials are used. This is a 

worry in the measurement because radium-226 is measured according to radon-222 

daughter products (
214

Pb and 
214

Bi) which are beta emitters. Losing 
222

Rn through 

leakage makes secular equilibrium of radium-226 and its beta emitting progeny (
214

Pb 

and 
214

Bi) unachievable. So 
222

Rn leakage is like a loss of a sample and measurements 

are not reliable in that case. 



8 

 

• It yields relatively high background levels and a strong influence from other β -

emitting isotopes. 

2.2.3 Solvent extraction followed by measurement with liquid scintillation counter 

(LSC) 

This has been one of the most used procedures in the determination of 
226

Ra and 
222

Rn. 

Samples are prepared by mixing untreated water with organic based scintillator, which 

produces a two-phase sample. 
222

Rn is extracted from water to the organic phase. 

Measurement is done in a LS counter. The measurement of 
222

Rn or 
226

Ra concentration is 

dictated by the interval between sample preparation and measurement since time is needed to 

allow the ingrowth of 
222

Rn and reach of secular equilibrium. But one also must keep in mind 

the short half-life of radon in case of its measurement.[1] 

It is a simple and non-labor-intensive method with the lower limit of detection (LLD) for 

226
Ra as low as 0.05 kBqm

-3
 for low-background Quantulus

TM
 LS counter. But the procedure 

has a disadvantage that it is not possible to determine other radium isotopes with it [1].  
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2.3 GAMMA SPECTROSCOPY  

Gamma spectroscopy is the science where we identify and quantify radionuclides through the 

analysis of the gamma-ray energy spectrum produced in a gamma-ray spectrometer [15]. It 

can also be defined as a branch of nuclear spectroscopy that deals with the study of gamma-

radiation spectra and the various properties of the excited states of atomic nuclei that decay 

with an accompaniment of gamma quanta emission [17]. 

The measurement is based on detection of the energy released by the emission of photons in 

the decay of radioactive nuclides. Gamma photon energy is a characteristic of a nuclide. [7] 

By the correlation of the photo peaks and the nuclide characteristic gamma ray energies, the 

spectra produced by spectrometers can help in the identification of gamma emitting isotopes 

in a substance. 

2.3.1 Photon interaction with Detector 

Ideally the interactions between the γ-rays or X-rays (photons) give us an insight of the basic 

concept of γ-ray spectroscopy because they explain the process by which photon energy is 

transferred either partially or completely to electrons. 

During interaction a gamma photon strikes an atom in matter and knocks out electron(s) from 

the atom causing them to fly away from their respective orbitals. In this process a photon 

loses either all or part of its energy to the electrons. This loss is as a result of ionisation and 

excitation of the material atoms. Since there is a potential difference applied to the matter 

(detector) we can collect the electrons and get the output signal. [14] 

A number of interactions between γ-photons and matter are known. The most important ones 

are photoelectric effect, Compton scattering and pair production.  

2.3.1.1 Photoelectric effect 

In this interaction a gamma-photon completely disappears in the absorber (detector) causing 

an ejection of an energetic photo electron from a tightly bound shell like K-shell of the atom. 

The photo electron possessing a kinetic energy E0=hν-B (B – binding energy) is liberated 

from the energy shell of an atom by an incident γ-ray of energy hν. The absorbent atom is 

ionized with the interaction leaving a vacancy or a hole in the bound shell. The hole is 

afterwards filled up with any neighboring free electron in the medium or simply filled by 
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rearrangement of the electrons from other shells. The latter may result in generation of 

characteristic x-rays. [14] & [7] 

This type of interaction is the most important one for gamma spectrometry. The reason for its 

importance is that we can only get the full energy peaks (photo peaks) when all the gamma-

ray energy has been lost to the detector material. This happens when a photon undergoes a 

photoelectric effect. However, a photo peak can also be seen in the spectrum when a gamma 

photon goes into multiple Compton scatterings and loses all its energy. 

2.3.1.2 Compton scattering 

It occurs between an incident gamma photon and an electron in the absorbing material. Here 

the interaction differs from photoelectric effect in such a way that the incident gamma photon 

is deflected through a given angle Ɵ (scattering angle) from its original direction. So in this 

case the gamma ray loses only part of its energy as compared to photoelectric effect where all 

the energy is lost. [14] 

The relationship between energy of the scattered gamma ray and the secondary electron 

(Compton electron) Ec is expressed as follows. 

 Ec = hν- hν’ ………………………………………………………………………….Eqn [1] 

Ec – Compton electron energy 

 hν’= hν/[1+α (1- cos Ɵ)] ………………………………………………………………Eqn [2] 

Where, hν’- energy of the scattered gamma-ray 

hν – energy of the incident gamma-ray 

Ɵ – scattering angle (in the range of 0
0
 to 180

0
) 

α = hν/ m0C
2 

m0C
2
 – electron mass energy = 511.0 keV [7] 

In other words Compton scattering is the interaction between the incident gamma-ray and an 

outer orbital electron in which only part of the gamma energy is transferred to the electron 

and the remainder being re-irradiated as a lower energy gamma-ray [7] & [8]. 
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2.3.1.3 Pair production 

This type of interaction can only happen if the gamma-ray energy exceeds twice the rest mass 

energy of the electron (1.02 MeV), that is hν ≥ 2mc
2
 (where m – mass of the electron and c – 

speed of light) [14] & [18]. 

Photon energy is converted into an electron-positron pair in the field of an atomic nucleus. 

But it can also occur in the field of an atomic electron though the probability for it to occur is 

very small. During a pair production in a nucleus field, a photon energy hν is converted into 

2mc
2
 plus the kinetic energies of the electron and positron. This excess energy is always 

distributed between those partners (electron and positron) in a range of zero to the maximum 

of hν-2mc
2
. [7] & [18] 

2.3.2 Gamma photon detection by germanium detectors 

The pulse generated from the conversion of photon energy to secondary electrons is the basis 

for the measurements of gamma-rays.Charge, Q is produced by dissipated energy, E and 

gives a pulse height, V as from the following expressions [8]. 

Q � q � ��    But V � �	 

Where q is the electron charge ≈1.602x10
-19

 coulomb and C is the electrostatic capacitance ≈ 

10
-11

 Farad of the Ge detector [7]. 

So when an electric field is applied to the electrodes, the free electrons and positive holes 

carry a charge that generates an electrical signal. The height of the signal is proportional to 

the energy dissipated in the detector as in the flow chart below (Fig. 1) [8]. 

 

Fig.1: The flow chart for the detection of gamma-rays.       
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2.3.3 Gamma-ray spectrometer system 

A number of systems can be employed for detecting gamma photons. For the purpose of this 

work an example given below is of a germanium detector. The parts of the detector are 

described below the diagram (Fig. 2) [8]. 

 

 

Fig 2: A germanium gamma-ray system – block diagram [7]. 

The main parts are described as follows: 

Massive shield: 

This is to protect the sample and the detector from the contributions of background radiation 

due to cosmic and terrestrial radiation. It is mainly made from age nuclear lead normally 

10cm thick [7]. 

Detector:  

It is made of high purity germanium (Ge) crystal which ensures no trap of charge carriers by 

impurities or lattice defects. With this purity there is a total collection of charge. It is kept at 
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zero temperatures by liquid nitrogen to minimize thermally generated current which increases 

background.[7] 

Detector’s specification is defined by the energy resolution, detection efficiency and peak to 

Compton ratio. 

Preamplifier (P.Amp): 

It is used to collect and integrate the charge deposited on the detector and then convert it into 

a voltage pulse with the help of the applied voltage bias (potential difference/Hv supply). The 

pulse produced is directly proportional to the charge deposited. [7] 

Linear amplifier/main amplifier (L.Amp): 

Signal from pre-amplifier is shaped and amplified (e.g. changing its length, squareness, and 

polarity) for easer conversion from analogue to digital signal. [7] 

Analogue to Digital Converter (ADC) and Multi-channel analyser (MCA): 

ADC converts the amplified analogue signal to digital. Digital signal is divided into channels 

in MCA. The height of each pulse is proportional to the energy absorbed in the detector. 

MCA counts the number of pulses and divides them by the pulse height. The resulting list of 

numbers of counts is a gamma spectrum. [19] 

2.3.4 Spectrum analysis 

During the analysis, the activity of a nuclide emitting photons with an energy E is calculated 

by dividing the area under the full energy peak (net area, N(E)) with the measurement time 

(live time, ts) and the efficiency of the full energy peak (ε(E)). If needed, correction 

coefficients are added for taking into account self-absorption, coincidence summing etc. 

The activity concentration of a radionuclide in a sample is expressed according to equation 3. 

 


 � �Ɛ. �. ��. �. ��. ��. ��. ��. ��……………………………………… .���	[3] 
Where 

N – Number of counts in the peak after background subtraction; 
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ε – Efficiency at the energy corresponding to the full energy peak; 

ts – Spectrum collection time (live time); 

V –volume of concentrated water in the sample; 

γ – Probability of emitting a gamma photon with an energy corresponding to the full energy 

peak; 

K1-K5 – correction coefficients: 

K1 – decay correction coefficient for taking into account the decay since the collection of the       

sample; 

K2 – decay correction coefficient for taking into account the decay during acquisition; 

K3 – self-absorption correction coefficient; 

K4 – random summing correction coefficient; 

K5 – coincidence summing correction coefficient; 

Generally spectrum analysis starts at the very point of measuring the sample (reading the 

sample spectrum) with the help of a computer that stores the spectrum for further analysis. 

Then the stored spectrum is analyzed with gamma spectrometry analyzing software. In this 

thesis Gammavision was used 

Advantages of gamma-ray spectroscopy are summarized as follows 

With ϒ-ray spectroscopy there is a possibility of measuring different nuclides at the same 

time and individually in the same sample [4]. 

In many cases with this method you do not face the complications of chemical separation 

procedures, which make sample preparation easy [1]. 

Even environmental sample considered to have very low levels of radioactivity can be 

measured especially when a proper low-level detection system is employed. 
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2.4 VALIDATION 

Validation is a process of experimentally verifying that an analysis procedure is suitable for 

its intended purpose and it is able to provide useful, valid and reliable analytical data [10]. In 

other words it is a process of checking that analytical procedure can demonstrate that it 

is suitable for its intended purpose. In this process the analytical procedure’s parameters are 

checked for their validity and capability in fulfillment of the intended use of the procedure. 

The major uses or importance of procedure validations are: 

• It acts as evidence that the results of the procedure using a given validated method are 

correct and reliable. In many cases the measurements carried out produce results which 

are very crucial in decision making. For example from these measurement results 

authorities make decisions of jailing people and pounding people’s goods at customs and 

boarder points or even fining some. So there should be vivid evidence in support of the 

decision with no doubt.[11] 

• Also helps those carrying out analysis (analysts) to demonstrate that the procedure is fit 

for the purpose. 

Procedures are validated when there is a need to verify or confirm that all of its parameters 

are good enough to perform a given analytical task. Generally it is applicable in the following 

scenarios: 

• A new procedure has been developed. 

• For existing procedure that has been revised for improvement and the quality control 

shows that a procedure changes with time. This may be shown by quality control chart for 

instance. 

• When the established method is being used in a new environment like a new laboratory, 

or being used with a new instrument. 

2.4.1 Validations parameters 

2.4.1.1 Accuracy 

This is the closeness of agreement between a measured quantity value and a true quantity 

value of a measurand. 
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2.4.1.2 Trueness 

Closeness of agreement between the averages of an infinite number of replicate measured 

quantity values and a reference quantity value. It can be expressed as; Recovery or the En-

score value. 

2.4.1.3 Precision (Repeatability)  

The degree of agreement between individual test results obtained when the procedure is 

performed repeatedly on a single, uniform sample within one test. [11] 

In other words when a series of measurements is carried out under the same conditions, then 

the standard deviation of the results characterizes the repeatability of the measurements. It is 

also called as “within run precision “and denoted as Sr. [10] 

2.4.1.4 Intermediate Precision (within-lab reproducibility) 

The degree of precision obtained when the procedure is performed over multiple test runs, on 

different days, by different analysts, using different equipment. Here a series of 

measurements is carried out under changed conditions (different laboratory, analysis time, 

performer of the analysis within the same laboratory). Then the standard deviation of the 

results characterizes the reproducibility. It’s denoted as sRW. [10] & [11] 

2.4.1.5 Specificity 

It is the ability of a procedure to produce accurate results for any compound of interest in the 

presence of other compounds expected to be present during testing (i.e. excipients). If a 

spectrum is used in the analysis resolution can also be used to show specificity since it can 

give the degree of separation of two peaks in a given spectrum. 

2.4.1.6 Linearity 

It is defined as the degree of proportionality between the measured values obtained by the 

procedure and the concentration of the compound of interest in the sample. In other words it 

is the ability to obtain test results which are directly proportional to the amount of analyte in 

the sample.[11] 

2.4.1.7 Range 

The upper and lower levels of analyte over which the procedure produces accurate, precise 

and linear measurements [11]. 
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2.4.1.8 Robustness 

It is the ability of a procedure to remain unaffected by small changes in procedure parameters 

(e.g. concentrations of reagents and pH) [11]. 

2.4.1.9 Lower Limit of Quantitation 

The lowest measurable amount or the lowest concentration of an analyte that can be detected 

quantitatively [11]. 

2.4.1.10 Selection of parameters to be validated 

Analytical procedures can be divided into three categories: identification tests, testing for 

impurities and assay procedures [11]. 

Identification tests are intended to ensure the identity of an analyte in a sample. This is 

mainly a qualitative test that is intended to know just the presence of a compound in a given 

sample. Property comparisons of the sample are employed in this case like spectrum, 

chromatographic behavior, chemical reactivity and others to that of a reference standard.  

Impurity tests are conducted either for quantitative or a limit testing purposes for the impurity 

in a sample. These are employed to know whether an amount of an impurity in a sample has 

not exceeded a required maximum amount that it is supposed to be in.  

Assay procedures are intended for quantitative measurement of the analyte present in a given 

sample. The analysis procedure in this thesis follows under this category. 

 

Different validation characteristics are required for different analytical procedures since they 

are intended for different purposes. Table 1 describes which validation parameters should be 

employed for each type of an analytical procedure. The characteristics in the table below for 

validation evaluation are based on published Food and Drug Administration (FDA) and 

United States Pharmacopeia (USP) guidance and ICH Topic Q 2 (R1). 
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Table 1: Analytical procedures and their required validation parameters 

Type of analytical 

procedure 

 

Characteristics 

IDENTIFICATION TESTING FOR 

IMPURITIES 

 

Quantification   .limit 

ASSAY 

- Disulution 

(measurement only) 

- Content/potency 

Accuracy  

 

-  +                       - + 

Precision 

   Repeatability 

   Interm.Precision 

 

 

- 

-               

 

 +                      - 

 +(1)                  - 

 

+ 

+(1) 

Specificity (2) 

 

+       +                      + + 

Detection Limit  

 

-  -(3)                   + - 

Quantitation Limit  

 

-   +                      - - 

Linearity  

 

-    +                     - + 

Range  -    +                     - + 

 

The interpretation of the table is as follows 

-   signifies that this characteristic is not normally evaluated 

+ signifies that this characteristic is normally evaluated 

(1) in cases where reproducibility (see glossary) has been performed, intermediate precision 

is  not needed 

(2)  lack of specificity of one analytical procedure could be compensated by other supporting 

analytical procedure(s) 

(3) May be needed in some cases. [20] 
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2.4.2 Tools for validation 

To carry out validation a number of tools are used. They are summarized as follows: 

• Blank samples (Pure reagents, Matrixes without an analyte) 

• Spiked samples 

• Samples analyzed with other procedures 

• Certified reference materials 

• Interlaboratory comparisons 
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3 ANALYSIS PROCEDURE 

3.1 Procedure description 

Its title is “Measurement of radium content in water by gamma spectrometry”. [21] 

This measurement procedure describes the simultaneous determination of radium isotopes 

226
Ra, 

228
Ra (and 

224
Ra) in water samples using gamma spectrometry. It describes the sample 

preparation, measurement, analysis, units and traceability. 

3.1.1 Analyte 

Mainly the analytes are the isotopes of
 226

Ra and 
228

Ra , but the activity concentration of 

224
Ra can also be determined if the time of sample preparation is minimised (the half-life of 

224
Ra is 3.66 days, the time between collecting the sample and measuring it cannot be longer 

than two half-lives). 

3.1.2 Measurand 

It is intended to measure the activity concentration of radium (
226

Ra and 
228

Ra) in water 

3.1.3 Units 

The results are presented as Becquerel per kilogram of water sample taken (Bq/Kg) 

 

3.2 Equipment and reagents 

3.2.1 Equipment 

• Precision balance Ohaus 4100 g  

• Precision balance Ohaus 210 g  

• Precision balance Kern 650 g  

• Evaporation system Büchi consisting of: 

o Vacuum pump Büchi V700, 

o Vacuum controller Büchi V850, 

o Evaporation device Büchi Syncore Polyvap R-4 – platform with a rack 

for four samples, vacuum cover, condenser and a receiving flask. 

Sample vessels for a maximum volume of 0.5 liters. 

• Drying oven Sole-Pharm  

• Drying oven Termaks  
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• pH-meter  

• Gammaspectrometer EG&Ortec  

• A computer with gamma spectrum analysis software GammaVision-32 

(version 6.07, manufacturer EG&G ORTEC). 

3.2.2 Reagents and laboratory ware 

• pH-buffer solutions pH 4.00 and 7.00 

• ca 1 M HNO3 

• Spirit 

• Two component epoxy glue, drying time 2 hours 

• Pipette, 1–5 ml 

• Disposable Pasteur pipettes 

• Infrared lamp 

• Cylindrical flasks with a volume of at least 0.5 liters 

• Porcelain crucibles with a volume of 35 ml 

• Desiccator 

• Aluminum cans (external diameter 6.10 cm, height 3.70 cm) with aluminum 

covers 

• A device for sealing the cans. 

 

3.3 Procedure 

The procedure involves three steps – sample preparation, gammaspectrometrical 

measurement and spectrum analysis – which are describe as below. 

3.3.1 Sample preparation 

The main steps in the sample preparation are conservation, concentration of water sample and 

preparation of the concentrated sample for measuring in aluminum can. 

3.3.1.1 Conservation of the water sample 

Water samples were first acidified to pH 2.02...3.38 with concentrated nitric acid in order to 

avoid precipitation of radium onto the canister's walls. pH value was measured with a pH 

meter which was previously calibrated with buffer solutions 4.00 and 7.00. 
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3.3.1.2 Concentration of the water sample 

Concentration of water samples is necessary in order to obtain sufficient measurement 

sensitivity. The optimal amount of water for one analysis is approximately 3 litres. The 

amounts used to conduct the validation experiments reported in this thesis were between 2.5 

to 3 litres. 

Evaporation device Büchi was used for concentrating (evaporating) the sample. Four samples 

were evaporated simultaneously, each one in a separate vessel. A sample preparation protocol 

was filled for each sample (protocol template is given in Appendix III). 

The procedure consisted of the following steps: 

• Conditioning of a porcelain crucible in the drying oven Termaks and putting it into a 

desiccator to cool down. 

• Weighing the previously conditioned porcelain crucible with the balance Ohaus  

• Pipetting 5...10 ml of the concentrated water sample from the evaporation vessel into the 

crucible with a disposable Pasteur pipette. 

• Then evaporating the liquid in the crucible under an infrared lamp. 

• Adding the liquid in portions of approximately 5 ml into the crucible by pipetting (as in 

bullet 3) and continuing with evaporation in the crucible under the infrared lamp until 

there is no more liquid in the vessel. Then washing off all the precipitates on the vessel’s 

walls with about 5 ml of 1M HNO3 by adding 1 ml of acid at a time. 

• Pipetting all the washings from the vessel and adding them into the crucible, then 

evaporating to dryness under an infrared lamp again. 

• Putting the vessels into the oven Cole-Parmer to dry (temperature about 100...110 
0
C). 

• Cooling the dried vessel in a desiccator and weighing them with the balance Kern  to 

calculate the losses. 

• Drying the crucible with the sample in the oven Cole-Parmer (temperature about 

100...110 
0
C) to constant mass. 

• Then cooling down in a desiccator. 

• Weighing the crucible with the dried precipitate with the balance Ohaus. 

• Then soaking the precipitate with spirit and rinsing it out from the crucible into the 

aluminum can. Then evaporating off the spirit by putting the aluminum can under an 

infrared lamp. 

• Adding approximately 5 g of Epoxy glue into the can. 
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• Mixing the glue with the precipitate into a homogeneous mass using a plastic stick and 

distributing it in a way that it covers the bottom of the can as a uniform layer. 

• Then removing any glue that remained on the stick by rinsing it with spirit above the can. 

• Allowing the glue to dry for at least 2 h. 

• Sealing of the can and writing the following information on the cover of the can: number 

of the sample, the amount of water in the sample and the date of sealing. 

• Then drying the empty crucible in the oven Cole-Parmer and then cooling in the 

desiccator. 

• Weighing the crucible with the balance Ohaus to calculate the losses of the precipitate 

onto the walls of the crucible. 

3.3.2 Gamma spectrometrical measurement 

Samples were measured with the gamma spectrometer Ortec. The duration of one 

measurement was about 1 day. Depending on the activity of the sample, each sample was 

measured 1 to 3 times. The last measurement was usually done approximately 4 weeks after 

sealing in order to allow the ingrowth of 
222

Rn and fulfill the requirement of secular 

equilibrium. 

In case of determining the activity concentration of 
224

Ra the measurements have to be made 

not later than two 
224

Ra half-lives after sample collection. 
224

Ra was not determined in case of 

the validation experiments described in this thesis. 

The critical parameters of the gamma spectrometer – efficiency of the detector, full width at 

half maximum of a full energy peak – were routinely checked by measuring calibration 

samples. Calibration samples have the same matrix and geometry as the samples (about 2 g of 

the reference material RGU-1 or RGTh-1 (mixed in an aluminum can with 5 g of epoxy glue 

into a homogeneous mass, the can is hermetically sealed). Measurement time of a calibration 

spectrum is defined by achieving a sufficient statistical accuracy. Background measurements 

were also performed routinely. 5 g of epoxy glue in an aluminum can was used as a 

background sample. 

3.3.3 Spectrum analysis and results 

From the measured gamma spectra, spectrum analysis was performed with a gamma 

spectrum analysis software GammaVision-32 (version 6.07, manufacturer EG&G ORTEC). 
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The activity concentration of 
228

Ra was calculated according to the full energy peaks of its 

daughter nuclide 
228

Ac. Peaks with the energies of 911.20 keV, 964.76 keV and 968.97 keV 

are used. 

The activity concentration of 
226

Ra was calculated from the full energy peaks of 
214

Pb (242.00 

keV, 295.22 keV, and 351.93 keV) or Bi-214 (609.32 keV, 1120.29 keV, and 1764.49 keV). 

In case of 
224

Ra, the activity concentration can be found according to its progeny 
212

Pb (238.6 

keV) and Bi-212 (727.3 keV, 1620 keV). 

The activities that were performed during the spectrum analysis by Gammavision software 

are described as follows: 

• Spectrum analysis requires three spectra – spectrum of the sample, spectrum of the 

calibration sample and spectrum of the background.  

• The analyser has to enter a list of nuclides of interest to Gammavision. This list is 

called the library. It has to contain radionuclides from uranium-238 and thorium-232 

series. 

• The analysis started with the formation of the calibration file. This contains 

calibration functions for energy and efficiency. In order to make a calibration a 

spectrum of a calibration sample has to be recalled (opened with the software) 

Calibration enables us the following: 

o By energy calibration we set the X-axis of the spectrum (we find out what 

channel corresponds to what energy) . 

o By efficiency calibration we set the Y-axis (we know the activity of a certain 

nuclide in the calibration sample and we see how many counts it produces in 

the spectrum). 

• The second step was to create a background correction file. This was done by 

recalling the background spectrum and the calibration file formed. As a third step the 

real sample’s spectrum analysis was performed. The sample spectrum and calibration 

file were recalled. Under menu “analyse” -> “sample settings” the following 

parameter were checked: 

o Background type-5 

o Peak sensitivity-2. 
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o Units- Becquerel (Bq) 

o size- sample size like 2-3kg 

o Decay correction-date of sample collection( 26/05/2011) 

o Report-uncertainty in Becquerel at confidence level-2 

o Peak background was checked and recalled the peak background file. 

• Then the entire spectrum was analysed and report created. GammaVision displays the 

measurement results as a report in a text file “spectrum_name.rpt. It include data like: 

o Sample description 

o Acquisition information 

o Calibration information 

o Library File 

o Analysis parameters 

o Corrections  

o Unidentified peak summary 

o Identified peak summary 

o Summary of the library usage 

o Summary of the nuclides in the sample 

Activity concentrations were calculated by Gammavision software according to equation [3]. 

As some correction coefficients can be excluded (see paragraph “Correction coeficients”) the 

equation 3 is modifiedto equation 4. 


 � �Ɛ. �. ��. �. ��. ��……………………………………… . ���	[4] 
Where 

N – Number of counts in the peak after background subtraction; 

ε – Efficiency at the energy corresponding to the full energy peak; 

ts – Spectrum collection time (live time); 

V –volume of concentrated water in the sample; 

γ – Probability of emitting a gamma photon with an energy corresponding to the full energy 

peak; 
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3.3.3.1 Correction coefficients 

The need for taking into account the following correction coefficients is assessed during the 

spectrum analysis. 

K1: decay correction coefficient for taking into account the radioactive decay of the sample 

between the collection and the measurement. Calculated according to equation: 

�� � !"# $− &�2. (���/� *………………………………………………………………………���[5] 
Where ∆t is the time between sample collection and measurement and T1/2 is the half-life of 

the radionuclide. As we have the conditions of a secular equilibrium, the half-lives of the 

progeny of 
226

Ra and 
228

Ra are equal to the half-lives of 
226

Ra and 
228

Ra, respectively. 

K2: decay correction coefficient for taking into account the decay during acquisition. Not 

taken into account because the measurement time is around 24 hours but the half-lives of 

226
Ra and 

228
Ra are 1600 and 5.75 years, respectively. 

K3: self-absorption correction coefficient. The dominant substance in the matrix for 

calibration samples is the same as for the samples (epoxy glue). Efficiency is calibrated 

according to the same full energy peaks which are measured in samples. Hence there is no 

need to add self-absorption correction coefficients. 

K4: random summing correction coefficient. It is not needed to take this coefficient into 

account in case of routine measurements where the count rate is relatively low (typical dead 

time ca 0.02%). When in dough out, the difference of K4 value from 1 can be calculated 

according to equation: 

K� � exp0−2Rτ3 
Where R is the average count rate and τ is the resolving time of the detection system. 

K5: coincidence summing correction coefficient. The present analysis procedure enables to 

use coincidence free full energy peaks in the spectrum analysis: 
214

Pb peaks 242.00 keV, 

295.22keV and 351.93keV for determining the content of 
226

Ra and 
228

Ac peaks 911.20keV, 

964.76keV and 968.97keV for determining the content of 
228

Ra. 
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The present analysis procedure prescribes a calibration with certified reference materials 

RGU-1 and RGTh-1. This enables conducting a peak-to-peak calibration. In this case the 

coefficient K5 cancels out as calibration is done according to the same nuclides as measured. 

From the measured gamma spectra, spectrum analysis was performed with a gamma 

spectrum analysis software GammaVision-32 (version 6.07, manufacturer EG&G ORTEC). 

The activity concentration of 
228

Ra was calculated according to the full energy peaks of its 

daughter nuclide Ac-228. Peaks with the energies of 911.20 keV, 964.76 keV and 968.97 

keV are used. 

The activity concentration of 
226

Ra was calculated from the full energy peaks of Pb-214 

(242.00 keV, 295.22 keV, and 351.93 keV) or Bi-214 (609.32 keV, 1120.29 keV, and 

1764.49 keV). 

In case of 
224

Ra, the activity concentration can be found according to its progeny Pb-212 

(238,6 keV) and Bi-212 (727.3 keV, 1620 keV). 

3.4 Calculation of uncertainty 

Combined standard and expanded uncertainty of the measurement result is calculated by the 

spectrum analysis software GammaVision-32, version 6.07. Combined uncertainty is 

expressed by equation 6: 

σ5 � 6σ5789:.� + σ97<=.� + σ<>9?.@8=.� + σ>A@.� + σBCC.� + σ985D� + σ<B5:.�
3 + σEB7=.� …………���	6 

Uncertainty components can be divided into two groups: 

1. Uncertainties in sample preparation 

a) Uncertainty with normal distribution GHIJK.�  

2) Uncertainties in sample measurement: 

b) Counting uncertainty (statistical) GLIMHN.�  

c) Uncertainty of random summing GJOHP.�MK.�  

d) Uncertainty of self-absorption GOQ�.�  

e) Uncertainty of efficiency GRSS.�  
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f) Uncertainties of nuclides' decay parameters GHMLT�  

g) Uncertainties with rectangular distribution 
UVWXY.Z
�  

h) Uncertainty of geometry σEB7=.�  

Uncertainty components, which are taken into account in analysing 
226

Ra and 
228

Ra water 

samples, are a), b), e) and f). Component c) is negligible because of the low count rate and 

small dead time in water samples analysis. Component d) cancels out as the matrix of 

calibration source and sample is the same (epoxy glue). Component g) is not present in water 

sample analysis. The uncertainty of geometry (component h) is negligible because the 

calibration source and sample are prepared in an identical way (identical matrix and sample 

can). 

3.5 Minimum detectable activity (MDA) 

This is the measure of how small an activity could be present and not be detected by the 

analysis. A number of methods are employed to determine the MDA value and many of them 

are dependent on the peak area and background values. [16] 

In this work a Traditional ORTEC method was used where MDA is calculated according to 

the formula below. 

 

CR=?> �
100SENS � $a2 � B� + 2500SENS� + 50SENS*LT ………………………���[7] 

Where;  

SENS-Peak cut-off value (%) 

LT-Live time 

f�-Background reported in the Identified Peak Summary (counts) 

3.6 Standards and traceability chain 

Calibration samples made form certified reference materials RGU-1 and RGTh-1 were used 

for calibrating gamma spectremetrical measurements (for both the energy and efficiency 

calibration).  
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RGU-1 (certificate IAEA/RL/148; manufacturer Canada Centre for Mineral and Energy 

Technology on the order of IAEA) is sand with known uranium content. The activity 

concentrations for uranium series nuclides which are in secular equilibrium with 
238

U are 

known. Material is used for calibrating 
226

Ra measurements. 

RGTh-1 (certificate IAEA/RL/148; manufacturer Canada Centre for Mineral and Energy 

Technology on the order of IAEA) is sand with known thorium content. The activity 

concentrations for thorium series nuclides which are in secular equilibrium with 
232

Th are 

known. Material is used for calibrating 
228

Ra and 
224

Ra measurements.  

Certified 
226

Ra standard solution EB8 (CRM card E6-04; certificate 9031-OL-349/11; 

manufacturer Czech Metrology Institute) was used for determining the recovery rate of the 

sample preparation. The results are traceable to SI-units through the laboratories of the 

manufacturers of the certificated reference materials. 
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The flow of traceability can also be summarised as in the diagram below (Fig.3) 
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4 MEASUREMENT, RESULTS AND DISCUSSION OF RESULTS 

4.1 MEASUREMENT 

Ground water and deionized water were used, from which divided samples were taken for 

checking different parameters of validation (robustness, cross contamination, recovery, 

trueness and others). The ground water was taken from a well situated on the north coast of 

Estonia. The well is fed by water from Cambrian-Vendian aquifer which often has elevated 

levels of 
226

Ra and 
228

Ra because of its geological origin. Sampling was carried out on the 

26
th

 of May 2011. This date was used as a reference date in the analysis. Differences in 

sample treatments for different validation parameters are described below. 

4.1.1 Robustness 

For robustness, different water samples were acidified with different amounts of concentrated 

nitric acid to get different pH values (2.02 to 3.38). This was done to test whether a slight 

change in the pH can affect or influence the results. pH of each sample is listed in table 2 

4.1.2 Recovery 

Recovery was determined by spiking the water sample at pH 2.66 with 1.698 g of 
226

Ra 

solution. A dilution of a 
226

Ra standard solution produced by Czech Metrology Institute was 

used. The activity concentration of the dilution was (8.53 ± 0.09) Bq/g, k = 2.  

14.49 Bq of 
226

Ra was added to 5.140 kg of water, that is (2.818 ± 0.028) Bq/kg (confidence 

level k = 2). Spiked water was treated in the same way as other samples. 

4.1.3 Trueness 

This was determined using the results from the water that was used in the proficiency testing 

(PT). This PT involved three testing laboratories, two from Estonia (including Institute of 

Physics at the University of Tartu) and one from Finland. Each lab used a slightly different 

analysis procedure. The samples for PT are also indicated in the table below (table 2). 

4.1.4 Cross contamination 

Deionized water was used to check for any cross contamination of radium either on the glass 

tubes used for evaporation or the channels in the evaporating device. This was done in such a 

way that glasses containing deionized water were evaporated at the same time with glasses 

containing spiked water samples. After that, the same glasses used before for spiked samples 

were used to evaporate deionized water. Here water was not dried completely since it had no 

precipitates for collection. So the little water was sealed in the aluminum can and a 
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calibration solution of 
226

Ra was prepared with the same amount of the liquid as the water 

sample to mimic the same geometry. This was performed to check for any possible transfer of 

radium from previously treated samples. 

4.1.5 Repeatability 

This was obtained from calculation of pooled standard uncertainty of samples with the same 

pH. 

4.1.6 Reproducibility 

This was calculated from pooled uncertainty of within pH repeatability of different pH 

groups. 

Table 2: List of samples prepared for the validation experiments. Table contains sample 

identification number; pH value and the aim of the experiment (which validation parameter 

the sample contributes to).     

Sample 

ID pH value Aim of the experiment Comments 

1 2.66 

Robustness to pH;  

Reproducibility;  

Repeatability ;   

2 2.93 

Robustness to pH;  

Reproducibility;  

Repeatability ;   

3 2.93 

Robustness to pH;  

Reproducibility;  

Repeatability ;   

4 2.66 

Robustness to pH;  

Reproducibility;  

Repeatability ;   

5 2.66 

Robustness to pH;  

Reproducibility;  

Repeatability ;   

6 3.38 

Robustness to pH;  

Reproducibility;  

Repeatability ;   

7 3.38 

Robustness to pH;  

Reproducibility;  

Repeatability ;   

8 2.39 

Robustness to pH;  

Reproducibility (long term);  

Repeatability (in day)   
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9 2.39 

Robustness to pH;  

Reproducibility (long term);  

Repeatability (in day)   

10 3.38 

Robustness to pH;  

Reproducibility (long term);   

11 2.39 

Robustness to pH;  

Reproducibility (long term);    

12 2.02 

Robustness to pH;  

Reproducibility (long term);  

Repeatability (in day)   

13 2.02 

Robustness to pH;  

Reproducibility;  

Repeatability ;   

14 2.7 Intercalibration   

15 2.7 Intercalibration   

16 2.7 Intercalibration   

17 2.02 

Robustness to pH;  

Reproducibility (long term);    

18 2.93 

Robustness to pH; 

Reproducibility (long term)   

19 2.62 Recovery spiked 

20 2.62 Recovery spiked 

21 2.62 Recovery not spiked 

22 2.62 Recovery not spiked 

Blank 

samples       

1   Cross contamination 

Evaporation of de-ionized water 

at the same time when spiked 

samples are evaporated. The aim 

was to see is there a gross 

contamination between the 

samples that are evaporated on 

the same time? 
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2   Cross contamination 

Evaporation of de-ionized water 

at the same time when spiked 

samples are evaporated. The aim 

is to see is there a gross 

contamination between the 

samples that are evaporated on 

the same time? 

3   Cross contamination 

Evaporation of de-ionized water 

in the same glass where a spiked 

sample was evaporated before. 

The aim was to see whether 

glasses are a source of gross 

contamination. 

4   Cross contamination 

Evaporation of de-ionized water 

in the same glass where a spiked 

sample was evaporated before. 

The aim wass to see whether 

glasses are a source of gross 

contamination. 

 

4.2 RESULTS 

The results were obtained from the analysis reports of the different sample spectra by 

Gammavision. A number of spectra were analysed but only those that satisfied the following 

criteria were considered. 

• The spectra were taken at least 30 days after sealing the sample. This allows the 

formation of secular equilibrium between 
226

Ra and its daughters 
214

Pb and 
214

Bi 

which is crucial for obtaining activity concentrations for 
226

Ra. 

• And those that had proper peak fittings. For proper fitting the spectrum should give a 

reading of 
40

K isotope at 1460.8keV and other calibration peaks like 
214

Pb at 

242.0keV, 295.3keV, 
214

Bi at 609.3keV, 1764.5keV and others 

Results for both 
226

Ra and 
228

Ra activity concentrations are presented in table … below. The 

table also includes their respective uncertainties at k=2 level of confidence and losses of 

sample (in percentage) during sample preparation. From these losses a correction of sample 

activity concentration were calculated which are indicated in the table as Corrected activity 

concentration 
226

Ra and Corrected activity concentration 
228

Ra for 
226

Ra and 
228

Ra activity 

concentrations respectively. These new concentrations are the values that were used in the 

discussion of results. 

Each sample results can be identified by its sample ID. 
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Table 3: Table of all the results 

   

Key:  < - MDA value printed. And B - Activity < MDA and failed test. 

Date of

sealing

sampling 

date

Days 

Between 

samplaing 

and 

sealing

sample 

ID pH

Ra-226 

Concetrati

on (Bq/kg)

U  at          

2 sigma 

(Bq/kg)

% 

sample 

loss

Corrected 

activity 

concentrati

on Ra-226

(Bq/kg)

Corrected U  

at 2 sigma 

(Bq/kg)

Ra-228 

Concetra

tion 

(Bq/kg)

U  at          

2 sigma 

(Bq/kg)

% 

sample 

loss

Corrected 

activity 

concentrati

on Ra-228

(Bq/kg)

Corrected U  

at 2 sigma 

(Bq/kg)

30/08/2011 26/05/2011 96.00 12 2.02 0.1548 0.0132 0.7200 0.1559 0.0133 0.1772 0.0186 0.7200 0.1784 0.0188

30/08/2011 26/05/2011 96.00 13 2.02 0.1776 0.0158 1.4130 0.1802 0.0160 0.1718 0.0315 1.4130 0.1743 0.0320

13/09/2011 26/05/2011 110.00 17 2.02 0.1424 0.0151 0.6810 0.1434 0.0152 0.1750 0.0310 0.6810 0.1762 0.0312

16/08/2011 26/05/2011 82.00 8 2.39 0.1746 0.0146 1.1550 0.1766 0.0148 0.1907 0.0268 1.1550 0.1929 0.0271

16/08/2011 26/05/2011 82.00 9 2.39 0.1738 0.0182 0.7140 0.1751 0.0184 0.1927 0.0204 0.7140 0.1941 0.0205

24/08/2011 26/05/2011 90.00 11 2.39 0.1495 0.0109 1.8240 0.1522 0.0111 0.1701 0.0197 1.8240 0.1732 0.0201

10/10/2011 26/05/2011 137.00 21 2.62 0.1651 0.0137 1.1130 0.1669 0.0139 0.1849 0.0269 1.1130 0.1870 0.0272

29/09/2011 26/05/2011 126.00 19 2.62 2.6298 0.0261 1.3097 2.6647 0.0264 0.1719 0.0282 1.3097 0.1741 0.0285

29/09/2011 26/05/2011 126.00 20 2.62 1.7185 0.0964 0.6022 1.7289 0.0970 0.1295 0.0754 0.6022 0.1303 0.0759

10/10/2011 26/05/2011 137.00 22 2.62 0.1526 0.0186 1.3220 0.1547 0.0189 0.2183 0.0380 1.3220 0.2213 0.0385

17/06/2011 26/05/2011 22.00 1 2.66 0.1409 0.0139 0.346 0.1414 0.0139 0.1874 0.0313 0.346 0.1881 0.0314

09/08/2011 26/05/2011 75.00 4 2.66 0.1424 0.0167 3.0200 0.1468 0.0172 0.1906 0.0375 3.0200 0.1965 0.0387

10/08/2011 26/05/2011 76.00 5 2.66 0.1612 0.0157 0.1620 0.1615 0.0157 0.1744 0.0288 0.1620 0.1747 0.0289

06/09/2011 26/05/2011 103.00 14 2.70 0.1575 0.0225 0.9600 0.1590 0.0227 0.1860 0.0273 0.9600 0.1878 0.0276

06/09/2011 26/05/2011 103.00 15 2.70 0.1436 0.0090 0.3350 0.1441 0.0090 0.1945 0.0179 0.3350 0.1952 0.0179

06/09/2011 26/05/2011 103.00 16 2.70 0.1569 0.0167 0.5160 0.1577 0.0168 0.1692 0.0275 0.5160 0.1701 0.0277

09/08/2011 26/05/2011 75.00 2 2.93 0.1599 0.0163 1.7690 0.1628 0.0166 0.1739 0.0383 1.7690 0.1770 0.0389

10/08/2011 26/05/2011 76.00 3 2.93 0.1530 0.0132 0.6910 0.1540 0.0133 0.1667 0.0218 0.6910 0.1678 0.0219

13/09/2011 26/05/2011 110.00 18 2.93 0.1413 0.0098 0.6010 0.1422 0.0098 0.1894 0.0189 0.6010 0.1905 0.0190

16/08/2011 26/05/2011 82.00 6 3.38 0.1561 0.0125 1.7920 0.1590 0.0127 0.1538 0.0249 1.7920 0.1566 0.0253

16/08/2011 26/05/2011 82.00 7 3.38 0.1591 0.0268 1.0390 0.1607 0.0271 0.1451 0.0303 1.0390 0.1466 0.0307

BLANKS 1 0.0120 0.0098 B<

2 0.0145 0.0116 B<

3 0.0114 0.0103 B<

4 0.0140 0.0097 B<
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4.3 DISCUSSION OF RESULTS  

The following chapter gives a discussion of results for the different validation parameters with 

their accompanying calculations. 

4.3.1 Uncertainty contributions 

It was stated in the last paragraph that the activity concentration values were corrected with 

sample loss. However, the uncertainties of the loss were not considered. This is because the 

uncertainty contribution due loss is very low compared to uncertainty reported by Gammavision 

(combined uncertainty with statistical uncertainty being the most important compound).. This is 

evidenced in the uncertainty budget calculated for the results of sample ID 6 (see below). C_G 

indicates the activity concentration value and the respective uncertainty reported by 

Gammavision. L denotes the loss and its uncertainty. Losses were determined by weighing 

during sample preparation. The uncertainty of loss comes from weighing. 

 

The index shows that the uncertainty of loss contributes 0.02% and the rest is contributed by the 

uncertainty compounds taken into account by Gammavision. So it almost has no effect on the 

result to consider the uncertainties of losses. 

An uncertainty budget of the different uncertainty compounds reported by gamma vision is given 

in appendix IV 

4.3.2 Cross contamination 

The results of the individual de-ionised water samples were used. The activity concentration of 

the isotopes and their MDA values were compared. 

Kragten index calculation

Quantity Unit value uncertainity        u C_G L

C_G Bq/g 0.156 0.0125 0.0062 0.162 0.15611

L % 1.780 0.1100 0.0550 1.78 1.835

C_c % 0.159         u_c 0.0063 0.16529 0.15903

      comp 0.00635 0.00009

                          sumsq(comp) 0.00004

       Index 99.98% 0.02%

RESULTS

        C_c = ( 0.159        ± 0.013 ) Bq/Kg k=2
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In this case 
226

Ra isotope its self was used for the activity concentration, because during the 

sample preparation Radon gas might have escaped since water was sealed in this case. For the 

case of 228Ra activity concentration 228Ac isotope was used. The activity concentrations and the 

MDA value are as in Table 4 below. 

Table 4: Activity concentration and the MDA values 

sample 

ID 

Ra-226 

Concentration 

(Bq/kg) 

MDA Value 

for Ra-226 

Ra-228 

Concentration 

(Bq/kg) 

MDA 

Value for 

Ra-228 Status 

B1 0.0371 0.0927 0.0098 0.0241 Below MDA 

B2 0.0443 0.1047 0.0116 0.0267 Below MDA 

B3 0.0347 0.1126 0.0103 0.0318 Below MDA 

B4 0.0310 0.0789 0.0097 0.0243 Below MDA 

 

From the critical view, all the concentrations are well below the MDA values. This shows that 

probably no radium was found in the de-ionised water samples. From this we can say that there 

were no cross contaminations during the sample preparation.   
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4.3.3 Robustness 

Robustness checking was performed using all the ground water samples (see table 5) 

Table 5: Results for both 
226

Ra and 
228

Ra 

pH Days 

Between 

sampling 

and sealing 

Corrected activity 

concentration Ra-

226 (Bq/kg)) 

Corrected U  

at 2 sigma 

(Bq/kg) 

Corrected activity 

concentration Ra-

228 (Bq/kg) 

Corrected U  

at 2 sigma 

(Bq/kg) 

2.02 96.00 0.1559 0.0133 0.1784 0.0188 

2.02 96.00 0.1802 0.0160 0.1743 0.0320 

2.02 110.00 0.1434 0.0152 0.1762 0.0312 

2.39 82.00 0.1766 0.0148 0.1929 0.0271 

2.39 82.00 0.1751 0.0184 0.1941 0.0205 

2.39 90.00 0.1522 0.0111 0.1732 0.0201 

2.62 137.00 0.1669 0.0139 0.1870 0.0272 

2.62 137.00 0.1547 0.0189 0.2213 0.0385 

2.66 22.00 0.1414 0.0139 0.1881 0.0314 

2.66 75.00 0.1468 0.0172 0.1965 0.0387 

2.66 76.00 0.1615 0.0157 0.1747 0.0289 

2.70 103.00 0.1590 0.0227 0.1878 0.0276 

2.70 103.00 0.1441 0.0090 0.1952 0.0179 

2.70 103.00 0.1577 0.0168 0.1701 0.0277 

2.93 75.00 0.1628 0.0166 0.1770 0.0389 

2.93 76.00 0.1540 0.0133 0.1678 0.0219 

2.93 110.00 0.1422 0.0098 0.1905 0.0190 

3.38 82.00 0.1590 0.0127 0.1566 0.0253 

3.38 82.00 0.1607 0.0271 0.1466 0.0307 
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Checking for robustness was performed in two ways 

1. Analysis of Variance (Anova) was employed for group results of different pH values. A 

single factor test was performed for each isotope. The null hypothesis was that there is no 

statistically significant difference between the average activity concentrations in groups 

with different pH values – H0: µ1 = µ2 = … = µn, where µ denotes the average activity 

concentration of a group. The alternative hypothesis was that there is a statistically 

significant difference between some groups – H1: at least two groups (denoted as i and j) 

can be found where µ i ≠ µ j). The following results were obtained.  

 

Ra-226
pH

2.02 2.39 2.62 2.66 2.7 2.93 3.38

Activity 0.1559 0.1766 0.1669 0.1414 0.1590 0.1628 0.1590

Conc. 0.1802 0.1751 0.1547 0.1468 0.1441 0.1540 0.1607

0.1434 0.1522 0.1615 0.1577 0.1422

Anova: Single Factor

SUMMARY

Groups Count Sum Average Variance

Column 1 3 0.4794 0.1598 3.5E-04

Column 2 3 0.5039 0.1680 1.9E-04

Column 3 2 0.3216 0.1608 7.5E-05

Column 4 3 0.4498 0.1499 1.1E-04

Column 5 3 0.4608 0.1536 6.8E-05

Column 6 3 0.4590 0.1530 1.1E-04

Column 7 2 0.3197 0.1598 1.6E-06

ANOVA

Source of VariationSS df MS F P-value F crit

Between Groups0.000657 6 0.0001 0.7653 0.6110 2.9961

Within Groups0.001716 12 0.0001

Total 0.002372 18
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From this test, a p-value of 0.6110 was obtained which is well above 0.05. This is an 

indication of no difference in the results, meaning the procedure in this case is robust. Within 

group variance is by an order of magnitude larger than the variance between groups. 

For the case of 
228

Ra isotope the test was run twice. 

 

In the first case the p-value was 0.0301 which is below 0.05 and indicates a difference in the 

results between groups. 

Ra-228
pH

2.02 2.39 2.62 2.66 2.7 2.93 3.38

Activity 0.1784 0.1929 0.1870 0.1881 0.1878 0.1770 0.1566

Conc. 0.1743 0.1941 0.2213 0.1965 0.1952 0.1678 0.1466

0.1762 0.1732 0.1747 0.1701 0.1905

Anova: Single Factor

SUMMARY

Groups Count Sum Average Variance

Column 1 3 0.5289 0.1763 4.4E-06

Column 2 3 0.5602 0.1867 1.4E-04

Column 3 2 0.4082 0.2041 5.9E-04

Column 4 3 0.5593 0.1864 1.2E-04

Column 5 3 0.5530 0.1843 1.7E-04

Column 6 3 0.5353 0.1784 1.3E-04

Column 7 2 0.3032 0.1516 5.0E-05

ANOVA

Source of VariationSS df MS F P-value F crit

Between Groups0.0031 6.0000 0.0005 3.5246 0.0301 2.9961

Within Groups0.0018 12.0000 0.0001

Total 0.004856 18
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In the second run results of pH 3.38 were excluded and the new p-value 0.2904 was well 

above 0.05 which is an indication that there is no difference in the results between groups 

with pH value from 2.02 to 2.93. 

From the above we can say that the procedure is still not robust at pH 3.38 in case of 
228

Ra 

isotope 

But Anova cannot be relied on a conclusive decision since it does not take into account the 

uncertainties. For this reason a graphical robustness check was made. 

  

Ra-228
pH

2.02 2.39 2.62 2.66 2.7 2.93

Activity 0.1784 0.1929 0.1870 0.1881 0.1878 0.1770

Conc. 0.1743 0.1941 0.2213 0.1965 0.1952 0.1678

0.1762 0.1732 0.1747 0.1701 0.1905

Anova: Single Factor

SUMMARY

Groups Count Sum Average Variance

Column 1 3 0.5289 0.1763 4.4E-06

Column 2 3 0.5602 0.1867 1.4E-04

Column 3 2 0.4082 0.2041 5.9E-04

Column 4 3 0.5593 0.1864 1.2E-04

Column 5 3 0.5530 0.1843 1.7E-04

Column 6 3 0.5353 0.1784 1.3E-04

ANOVA

Source of VariationSS df MS F P-value F crit

Between Groups0.001104 5 0.0002 1.4219 0.2904 3.2039

Within Groups0.001708 11 0.0002

Total 0.002811 16
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2. The mean and standard deviation were calculated from all the sample concentrations, 

from which a graph of pH against concentrations was plotted. Then uncertainties and 

limits at k=2 confidence level were also added in the graph. The limits were calculated in 

such way that the upper limit is addition of the mean and twice the standard deviation, the 

lower limit is the mean minus twice the standard deviation. Robustness was checked from 

the concentrations’ deviations from the mean. This was performed for each nuclide and 

the graphical presentations are as below. 

     

Fig.4: Robustness checking for 
226

Ra Isotope 
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Fig 5: Robustness checking for 228Ra Isotope 

Fig 4 and Fig 5 shows that all results are within the limits, except one measurement of 
228

Ra at 

pH 3.38. Meaning that at pH 3.38 the procedure is no longer robust in case of 
228

Ra isotope. 

But if we look at the results with the uncertainty bars one cannot exclude any results because 

they are still with the limits. So from here we can say the procedure is robust. But a 

recommendation that can be given is not to use so high pH values. 

Robustness was also checked for the number of days between sampling and sealing to see 

whether there could be any effect on the results by leaving the sample for a long time before 

analysis (can the sample can go bad?). The graph in fig 6 below was plotted. 
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Fig 6: checking for robustness for days between sampling and sealing. 

The observations show that the results are within the limits meaning that the delay in sample 

preparation has no effect on the results in this procedure. 

4.3.4 Repeatability and Reproducibility 

In this case repeatability is considered to be within pH repeatability. In this measurement 

procedure one cannot obtain results within a day because the sample preparation takes a number 

of days before it’s measured. For this reason within day reparability is not applicable.  

Repeatability and reproducibility calculations for both isotopes were performed in two ways: 

1. By calculating the standard deviations of the individual results of the different pH-values 

which acts as the within pH repeatability. Then these within pH repeatabilities were 

pooled together to get the reproducibility using the general formula below (eqn 7). 

uh � a8iZj8ZZj⋯..j8lZ
H

…………………………………………………… . Eqn	�7�  
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Where: 

uh- Reproducibility 

u�, u�	and	u9- The individual within pH repeatabilities. 

 

2. In another scenario, each result’s combined expanded uncertainty (confidence level k= 2) 

was first converted into standard uncertainty (k = 1) and then a pooled standard 

uncertainty was performed to obtain a within pH repeatability of the individual pH-value. 

From these results a pooled uncertainty was calculated to get the reproducibility. For all 

calculations of pooling the general formula in Eqn[7] was employed. 

Calculations of each isotope are presented in the tables 6 and 7 below.  
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Table 6: Repeatability and Reproducibility calculations for 
226

Ra isotope 

 

  

sample 

ID pH

Corrected 

activity 

concentration 

Ra-226  

(Bq/kg)

Corrected 

U at 2

sigma 

(Bq/kg)

Standard 

Uncerataint

y 1 sigma

STDEV

Combined 

standard 

uncertainty

Pooled STDEV of

within pH

repeatability

Pooled 

Combined 

standard 

uncertainty 

of within pH

repeatability

12 2.02 0.1559 0.0133 0.0066

13 2.02 0.1802 0.0160 0.0080 0.0187 0.0074

17 2.02 0.1434 0.0152 0.0076

8 2.39 0.1766 0.0148 0.0074

9 2.39 0.1751 0.0184 0.0092 0.0136 0.0075

11 2.39 0.1522 0.0111 0.0055

21 2.62 0.1669 0.0139 0.0069

22 2.62 0.1547 0.0189 0.0094 0.0127 0.0083 0.0119 0.0079

1 2.66 0.1414 0.0139 0.0070

4 2.66 0.1468 0.0172 0.0086 0.0104 0.0078

5 2.66 0.1615 0.0157 0.0078

14 2.7 0.1590 0.0227 0.0114

15 2.7 0.1441 0.0090 0.0045 0.0083 0.0086

16 2.7 0.1577 0.0168 0.0084

2 2.93 0.1628 0.0166 0.0083

3 2.93 0.1540 0.0133 0.0066 0.0104 0.0068

18 2.93 0.1422 0.0098 0.0049

6 3.38 0.1590 0.0127 0.0063

7 3.38 0.1607 0.0271 0.0136 0.0021 0.0086

Within pH

repeatability Reproducibility
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Table 7: Repeatability and reproducibility calculations for 
228

Ra isotope 

 

Calculations presented in tables 6 and 7 shows that the procedure has a long term precision 

(reproducibility) of: 

• 0.0119 in case of pooled STDEV or 0.0079 in case of pooled uncertainties for 226Ra; 

• 0.0119 in case of pooled STDEV or 0.0140 in case of pooled uncertainties for 
228

Ra. 

For both isotopes, the pooled standard deviations are the same. This is an indication that these 

isotopes behaves in the same way. The pooled combined standard uncertainty is expected to be 

sample 

ID pH

Corrected 

activity 

concentration 

Ra-228  (Bq/kg)

Corrected 

U at 2

sigma 

(Bq/kg)

Standard 

Unceratinty 

1 sigma

STDEV

Combined 

standard 

uncertainty

Pooled 

STDEV of

within pH

repeatability

Pooled 

Combined 

standard 

uncertainty 

of within

pH 

12 2.02 0.1784 0.0188 0.0094

13 2.02 0.1743 0.0320 0.0160 0.0021 0.0140

17 2.02 0.1762 0.0312 0.0156

8 2.39 0.1929 0.0271 0.0136

9 2.39 0.1941 0.0205 0.0103 0.0117 0.0114

11 2.39 0.1732 0.0201 0.0100

21 2.62 0.1870 0.0272 0.0136

22 2.62 0.2213 0.0385 0.0193 0.0195 0.0167 0.0119 0.0140

1 2.66 0.1881 0.0314 0.0157

4 2.66 0.1965 0.0387 0.0194 0.0110 0.0166

5 2.66 0.1747 0.0289 0.0144

14 2.7 0.1878 0.0276 0.0138

15 2.7 0.1952 0.0179 0.0090 0.0129 0.0124

16 2.7 0.1701 0.0277 0.0138

2 2.93 0.1770 0.0389 0.0195

3 2.93 0.1678 0.0219 0.0110 0.0114 0.0140

18 2.93 0.1905 0.0190 0.0095

6 3.38 0.1566 0.0253 0.0127

7 3.38 0.1466 0.0307 0.0153 0.0071 0.0115

Within pH repeatability Reproducibility
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higher than the standard deviation because this would be an indication that the uncertainty is not 

underestimated. This is so in case of 
228

Ra isotope, but the scenario is a different for 
226

Ra 

isotope. 

Activity concentrations and uncertainties of 
226

Ra are less consistent than the values of 
228

Ra. 

These make the pooled uncertainty to be much lower than the standard deviation. The probable 

reason for this is partial escape of gaseous radon from some samples. This could yield in lower 

results as 
226

Ra is determined according to gamma peaks of radon daughters. The same kinds of 

problems are not faced when determining 
228

Ra from the same sample because no gaseous 

daughter products that can be prone to the escape are used in the calculations. 

4.3.5 Recovery 

The idea was to calculate the recovery by comparing spiked samples and those that are not 

spiked. The values for recovery were achieved by using the formula below: 

R =
0C� − Cq3

∆C
………………………………………………………………… .Eqn	[8] 

Where C1 - the activity concentrations of spiked samples, C0 - average activity concentration of 

non-spiked samples. ∆C - the activity concentration of the spike. The tentative results are 

presented in table 9 below. 

Unfortunately the results were not in agreement between each other and the values for recovery 

were lower than expected indicating a huge loss. The probable reason for this is an incorrect 

assessment of the activity concentration of the standard solution, not the actual loss. Further 

studies on how the standard solution behaves with the water sample and on how to keep the 

diluted standard solution are needed.  

Table 8: Table of results for spiked and non-spiked sample 

sample ID  Corrected activity concentration Ra-226  (Bq/kg) 

21 – not spiked sample 0.166918 

19 – spiked sample 2.664698 

20– spiked sample 1.728912 

22 – not spiked sample 0.154665 
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 Table 9: Recovery calculation  

 Non-spiked 

(Measured 

activity conc.) 

Spike 

(Actual activity 

conc.) 

Spiked 

(Measured 

activity conc.) 

Recovery 

symbol C_0 Delta C C_1 R 

unit Bq/kg Bq/kg Bq/kg _ 

  0.1669 2.8181 2.6647 0.8885 

  0.1546 1.7289 0.5564 

 Average 0.1608   

4.3.6 Trueness 

An En-score value was calculated for all samples’ results to evaluate comparability of the results 

obtained. The consensus value from a proficiency test was used as the best estimate of the true 

value (reference value). In this method the standard deviation of the mean was converted to k=2 

confidence level in order to use the En-score formula given below: 

…………………………………………………… Eqn [9] 

Clab - observed value, Cref  - reference value,  

Ulab - expanded uncertainty of the observed value and Uref  -  extended 

uncertainty of the reference value. 

Interpretation of En values: 

a) | En | ≤ 1: experimental values is consistent with reference value; 

b) | En | > 1: experimental values is NOT consistent with reference value 

The consensus values of a proficiency test are given in a table below (average values, standard 

deviations and standard deviations of the mean for the activity concentrations of 
226

Ra and 

228Ra). 

  

2

ref

2

lab

reflab

UU

CC
E

n

+

−
=
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A(Ra-226) A(Ra-228) 

Bq/kg Bq/kg 

Average 0.174 0.178 

Standard deviation  0.03 0.019 

Standard deviation of the mean 0.017 0.011 

 

The calculations of the En-value for the results of each isotope are represented in the tables 

below. 

Table 10: En-score value calculations for all results of 
226

Ra Isotope 

Corrected 

activity 

concentration 

Ra-226  

(Bq/kg) 

Corrected 

U  at 2 

sigma 

(Bq/kg) 

Reference 

Value 

Uncertainty 

at 2 sigma 

En-

value 

          

0.1559 0.0133 0.174 0.034 -0.496 

0.1802 0.0160 0.174 0.034 0.164 

0.1434 0.0152 0.174 0.034 -0.822 

0.1766 0.0148 0.174 0.034 0.070 

0.1751 0.0184 0.174 0.034 0.028 

0.1522 0.0111 0.174 0.034 -0.608 

0.1669 0.0139 0.174 0.034 -0.193 

0.1547 0.0189 0.174 0.034 -0.497 

0.1414 0.0139 0.174 0.034 -0.886 

0.1468 0.0172 0.174 0.034 -0.713 

0.1615 0.0157 0.174 0.034 -0.334 

0.1590 0.0227 0.174 0.034 -0.366 

0.1441 0.0090 0.174 0.034 -0.851 
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0.1577 0.0168 0.174 0.034 -0.430 

0.1628 0.0166 0.174 0.034 -0.296 

0.1540 0.0133 0.174 0.034 -0.548 

0.1422 0.0098 0.174 0.034 -0.899 

0.1590 0.0127 0.174 0.034 -0.414 

0.1607 0.0271 0.174 0.034 -0.305 

 

Table 11: En-score value calculations for all results of 228Ra Isotope 

Corrected 

activity 

concentration 

Ra-228  

(Bq/kg) 

Corrected 

U  at 2 

sigma 

(Bq/kg) 

Reference 

Value 

Uncertainty 

at 2 sigma 

En-

value 

          

0.1784 0.0188 0.178 0.022 0.015 

0.1743 0.0320 0.178 0.022 -0.097 

0.1762 0.0312 0.178 0.022 -0.048 

0.1929 0.0271 0.178 0.022 0.426 

0.1941 0.0205 0.178 0.022 0.534 

0.1732 0.0201 0.178 0.022 -0.161 

0.1870 0.0272 0.178 0.022 0.256 

0.2213 0.0385 0.178 0.022 0.975 

0.1881 0.0314 0.178 0.022 0.263 

0.1965 0.0387 0.178 0.022 0.417 

0.1747 0.0289 0.178 0.022 -0.092 

0.1878 0.0276 0.178 0.022 0.278 

0.1952 0.0179 0.178 0.022 0.605 

0.1701 0.0277 0.178 0.022 -0.224 

0.1770 0.0389 0.178 0.022 -0.022 
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0.1678 0.0219 0.178 0.022 -0.328 

0.1905 0.0190 0.178 0.022 0.430 

0.1566 0.0253 0.178 0.022 -0.637 

0.1466 0.0307 0.178 0.022 -0.832 

 

Since all the | En | values are well below 1 it can be said that the results produced by the 

procedure are correct and comparable to the PT consensus value obtained by the expert labs. 
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5 CONCLUSION 

The aim was to validate a measurement procedure that measures radium content in water by 

gamma spectroscopy. A number of tools were employed like certified reference materials, blanks 

and others. The validation parameters that were employed are, cross contamination, robustness to 

pH changes, repeatability, reproducibility, recovery and trueness.  

The results show that:  

1. No traces of cross contamination of Ra isotopes were detected in this procedure. 

2. The procedure is robust to changes in pH value. Though a recommendation can be given not 

to use pH values higher than 3  

3. The procedure has a good reproducibility in case 228Ra isotope. Deviations of results were 

larger in case of 
226

Ra which might be due to partial escape of radon in some samples. Care 

should always be taken when sealing the samples; maybe that is where a leakage of radon may 

occur. 

4. Recovery needs more studies, especially to understand how the standard solution acts in the 

water sample and how the dilution of the standard should be stored.  

5. The procedure can give true and reliable results Even though some problems were found in 

recovery other validation parameters show that the procedure is fit for its purpose. 
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7 Kokkuvõte 

"Vee raadiumisisalduse gammaspektromeetriline määramine – analüüsimetoodika 

valideerimine" 

Semakalu Antonio 

Töö eesmärgiks on valideerida vee raadiumisisalduse gammaspektromeetiline mõõtemetoodika, 

mis põhineb raadiumi isotoopide 
226

Ra ja 
228

Ra aktiivsuse kontsentratsioonide määramisel nende 

tütarnukliidide gammajoonte põhjal. Proovi eeltöötluse käigus aurutatakse 3 liitrit veeproovi 

kuivaks, järelejäänud kuivaine segatakse epo vaiguga homogeenseks seguks ning suletakse 

hermeetiliselt alumiiniumist mõõtetopsi. 
228

Ra aktiivsuse kontsentratsioon leitakse vastavalt tema 

tütarnukliidi 
228

Ac koguenergiajoontele 911.20 keV, 964.76 keV ja 968.97 keV. 
226

Ra aktiivsuse 

kontsentratsiooni arvutamiseks kasutatakse 
214

Pb koguenergiajooni (242.00 keV, 295.22 keV, 

351.93 keV) või 
214

Bi koguenergiajooni (609.32 keV, 1120.29 keV, 1764.49 keV). 

 

Metoodika valideerimiseks rakendati erinevaid võimalusi, sealhulgas sertifitseeritud 

referentsmaterjalide kasutamine, osalemine laboritevahelises võrdlusmõõtmises, tühiproovide 

analüüs. Kontrollitavad valideerimisparameetrid olid ristsaastumine, kapriissus veeproovi pH 

suhtes, korduvus, korratavus, saagis ja tõesus. 

Tulemustest võib järeldada järgnevat: 

1. Katsetest ei ilmnenud raadiumi ristsaastumise oht erinevate proovide vahel. 

2. Metoodika ei ole kapriisne pH kõikumiste suhtes. Siiski on soovitatav veeproovide 

hapestamise juures jälgida, et pH oleks madalam kui 3. 

3. Metoodika korratavus on väga hea 
228

Ra puhul. Tulemuste kõikumised on suuremad 

226
Ra korral, mis võib olla põhjustatud osalisest radooni lekkest mõningate proovide 

puhul. Seetõttu tuleb erilist tähelepanu pöörata proovitopside hoolikale sulgemisele. 

4. Saagise leidmine rikastamiskatsete kaudu vajad põhjalikumaid uuringuid. Selleks tuleb 

tundma õppida 
226

Ra standardlahuse käitumist vees ning lahuse hoiustamistingimusi. 

5. Metoodika annab tõeseid ja usaldusväärseid tulemusi. Kuigi saagise arvutamisel esines 

tõrkeid, kinnitavad teised valideerimisparameetrid, et metoodika vastab oma eesmärgile. 
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8 APPENDICES 

8.1 Appendix I 

 

Natural Decay Series:  Uranium-238 

http://www.ead.anl.gov/pub/doc/natural-decay-series.pdf 

The symbols α and β indicate alpha and 
beta decay, and the times shown are 
half-lives. 

The symbols α and β indicate alpha and 
beta decay, and the times shown are 
half-lives. 
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8.2 Appendix II 

 

Natural Decay Series: Thorium-232 

http://www.ead.anl.gov/pub/doc/natural-decay-series.pdf

The symbols α and β indicate 
alpha and beta decay, and the 
times shown are half-lives. 

 

The symbols α and β indicate 
alpha and beta decay, and the 
times shown are half-lives. 
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8.3 Appendix III 

Sample no -6 - 

preparation 

with 

evaporation 

device Syncore 

Sample 

description 

Pankranniku puurkaev, Muraste küla, Harku vald, 

Harjumaa  

(Terviseameti poolt võetud Cm-V vesi Ra 

gammaspektromeetrilise määramise metoodika 

valideerimiseks) 

kanister 3, pH = 3,38 

Date, when the 

sample was 

taken 26.05.2011 

Date of sealing 

the sample 16.08.2011 

Evaporated on: 05,08,09,10,11/08/2011 

Filling 

Glass + water 

(g) 

Empty 

glass 

(g) 

The amount 

of water (g) 
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1 667.6 177.3 490.3 

2 499.4 177.6 321.8 

3 662.3 177.6 484.7 

4 516.1 177.6 338.5 

5 679.9 177.4 502.5 

6 590.2 177.6 412.6 

7 684.3 177.5 506.8 

The amount of 

water 

evaporated: 3057.2 g 

The amount of acid used for getting the 

precipitate out from the evaporation 

vessel 

10 ml 

1M 

HNO3 

The amount of acid used for getting the 

precipitate out from the porcelain 

crucible 

0 ml 1M 

HNO3 

Spirit was 

used insted 

Short 

description of 

the procedure: 

Approximately 3 liters of water were concentrated using Syncore Polyvap. Concentrated water was pipetted from the 

evaporation vessel into a porcelain crucible and evaporated to dryness under an infrared lamp. The material that had 

precipitated on the evaporation vessel's walls was washed out with acid, which was then pipetted into the crucible and 

evaporated to dryness under an infrared lamp. Then the crucible was dried in an oven until constant mass. The precipitate 

was soaked with spirit and scraped out from the crucible into an aluminium can. Then all the remained sample was rinsed 

out from the crucible with spirit and added into the aluminum can. It was then evaporated to dryness in the aluminium can 
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under infrared lamp. 5.1 g of Epoxy glue was added to the precipitate and homogenized.  

The most important losses of the precipitate are: 

1) The precipitate on the evaporation vessel’s walls that did not come off when washing with the acid 

2) The precipitate that did not come out of the porcelain crucible 

Measured 

weights 

  Measured value 

Average 

value 

Weight 

taking into 

account that 

Kern 

balance 

shows 

+0,18% Unit Explenation 

M(vessel0) 266.645 266.645 266.166 g Emply evaporation vessel 

      Measured with the Kern balance 

            

M(vessel1) 266.647 266.647 266.168 g Evaporation vessel after washing the precipitate out with 
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acid, drying the vessel in an oven and cooling it down in a 

dessicator. 

          Measured with the Kern balance 

m(crucible0) 22.159     g 

Empty porcelain crucible. 

Measured with the Ohaus 210 g balance. 

m(crucible1) 23.273     g 

Porcelain crucible with the dried precipitate. Dried in an oven 

until stable mass is acieved, cooled down in a dessicator 

before weighing.  

Measured with the Ohaus 210 g balance. 

m(crucible2) 22.177     g 

Porcelain crucible after the sample is taken out. Dried in an 

oven, cooled down in a dessicator before weighing.  

Measured with the Ohaus 210 g balance. 

Calculations 

Weight Unit Explenation 

The mass of the precipitate 

µ(precipitate_crucible) = m(crucible1) – m(crucible0) 1.114 g The mass of the precipitate in the porcelain crucible 

∆µ(1) = M(vessel1) – M(vessel0) 0.002 g 

The mass of the precipitate that did not come off from the 

evaporation vessel's walls  

µ(precipitate) =µ(precipitate_crucible) + ∆µ(1) 1.116 g The total mass of the precipitate 

Losses onto the vessel's walls 

E(1) = ∆µ(1)/µ(precipitate) * 100% 0.179 % Losses of the precipitate onto the vessel's walls 
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Losses onto the crucible's walls 

∆µ(2) = m(crucible2) – m(crucible0) 0.018 g 

The mass of the precipitate that did not come off from the 

crucible's walls 

E(2) = ∆µ(2)/µ(precipitate) * 100% 1.613 % Losses of the precipitate onto the crucible's walls 

Relative losses 

E = ∆µ/µ(precipitate) *100% = 

(∆µ(1)+∆µ(2))/µ(precipitate) * 100% 1.792 % 

E = E(1) + E(2) 1.792 % 

Summarized relative losses during the preparation of the 

sample 
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Uncertainty of loss, calculation using Kragten Matrix 

 

 

M_1 22.159 mass of the crucible

M_2 23.273 mass of the crucible + PPT

M_3 22.177 mass of the crucible + lost PPT

M_4 266.645 mass of the vessel

M_5 266.647 mass of the vessel +lost PPT

uncertainity of data obtained from weighings

Quantity Unit value uncertainity        u

M_1 g 22.159 0.0005 0.000235 22.1592 22.1590 22.1590 22.1590 22.1590

M_2 g 23.273 0.0005 0.000235 23.2730 23.2732 23.2730 23.2730 23.2730

M_3 g 22.177 0.0005 0.000235 22.1770 22.1770 22.1772 22.1770 22.1770

M_4 g 266.645 0.0008 0.000400 266.6450 266.6450 266.6450 266.6454 266.6450

M_5 g 266.647 0.0008 0.000400 266.6470 266.6470 266.6470 266.6470 266.6474

Loss % 1.78203338         u_c 0.055545711 1.761309778 1.781657537 1.803128532 1.748786488 1.815280271

      comp -0.0207 -0.0004 0.0211 -0.0332 0.0332

         sumsq(comp) 0.003085326

       Index 13.92% 0.00% 14.42% 35.83% 35.83%

RESULTS  

        Loss = ( 1.78        ± 0.11 ) % k=2
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8.4 Appendix IV 
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